Introduction
This paper describes the seasonal rainfall regimes over the Guinea-Fouta Djallon mountains and surrounding areas of West Africa. It is part of on-going research by the authors on the spatial and temporal variability of the mountains' climate and water resource base. Nicknamed the "Water Tower" of West Africa, these highlands form the prime watershed and headwaters of some of the biggest and longest river systems in the region. These include River Niger which rises from the eastern border of Sierra Leone and flows through five other countriesGuinea, Mali, Niger, Benin and Nigeria; River Senegal which flows through Guinea and Senegal; and continuous studies on the characteristics of the rainfall and the large scale atmospheric circulation over the West African region and their impacts on environment and soil in the region can be found in Shinoda, 1986a Shinoda, and b, 1989 Shinoda, , 1990 Shinoda, , 1995 Shinoda et al., 1999; Shinoda and Gamo, 2000 . The existing knowledge of the regional rainfall pattern over the Guinea-Fouta Djallon mountains and surrounding areas of West Africa is still very poor today. Therefore, this study was undertaken with the aim of providing detail understanding of the seasonal structure of rainfall organisation over the mountains and their surrounding areas, using advanced multivariate statistical methods. The study has a particularly important aspect towards regional agriculture activities, not only for this mountain region but also the regions whose water resources originate from this mountainous area.
The Study Area
The Guinea-Fouta Djallon mountains are found in ing from 4,000mm along the coast to under 1,500 mm in north-eastern Guinea. This rainfall gradient reflects a gradual decrease in the average moisture content of the rain-bearing southwesterly winds, as they move towards the low pressure belt over the Sahara (Grove, 1985; Kamara 1986 Some useful discussions of technical issues and general problems associated with the application of PCA methodology in the spatial analysis of climatological variables are found in Joliffe (1986); Richman (1986) ; Ranatunge (1994); Wilks (1995) and Rao and Burke (1997) . In the present analysis the correlation matrix was used as input to the PCA procedure. During the PCA procedure, component loadings of the matrix were subjected to an orthogonal (varimax) rotation to improve the explained variance in the data and to help in the interpretation of the results. The number of components to retain for further analysis was determined by using a combination of Cattell's Scree Test (Cattell, 1966) and the ' percentage variance criteria' (Hair et al., 1995) . The Scree Test procedure involved plotting the eigenvalues against the number of components and looking for major breaks in the graph.
Using the three PCA scores, an agglomerative hierarchical Cluster Analysis (CA) was performed based on Ward's minimum variance procedure available in MINITAB (1995) statistical package. The aim of CA was to delimit areas with relatively homogeneous seasonal rainfall regimes. A decision as to the final configuration of clusters was made by examining changes in the similarity and distance statistics derived at each clustering step. The step below the one where the values change abruptly was taken as the cutoff point for the final grouping of rainfall stations.
Regional Rainfall Controls
From December to April, the Subtropical High pressure belt is fully established over the Sahara, bringing hot dry harmattan winds over most parts of West Africa. During this period, the Guinea FoutaDjallon mountains, especially their eastern and northern slopes experience high daily temperatures, a thick blanket of dust haze and little or no rainfall. The dry north-easterly winds undergo adiabatic heating as they descend over the western slopes, raising meso-scale systems that occur mostly at the beginning (May/June) and end (October/November) of the Wet Season. They consist of long belts of thunderstorms (300-500 km) oriented in a north/south direction, and propagate westwards at high speeds. Line squalls are mainly associated with the mid-tropospheric African Easterly Jet (AEJ) and occur mostly between the late afternoon and the early morning hours. Large areas are affected by the passing rain cloud, although the amount and intensity of rainfall vary considerably from place to place. Shinoda and Kawamura (1994) and Shinoda et al. (1999) describe the links between variations in the movement and intensity of these meso-scale systems and the reduction in rainfall during drought years over the Sahelian region of West Africa.
• Monsoon vortices associated with large-scale convergence below the Tropical Easterly Jet Stream produce widespread instability and cloudiness, and light to moderate rainfall over much of the region between July and September. Rain spells lasting from a few hours to several days are a common occurrence during this period.
In addition to the synoptic disturbances, a significant amount of rainfall is also produced by smallscale influences, including • Local Convective Rainstorms associated with surface heating and occasionally with bush fires. These are stationary weather systems that affect small areas, often lasting for less than one hour, and occurring mostly in the late afternoon.
• Orographic rainfall is restricted to areas of high relief, especially where the high ground lies at a direction perpendicular to the Southwest Monsoon winds. Some of the areas that receive high orographic relief rainfall were mentioned in Section 2.
• Coastal Convergence by a dynamically unstable sea-land breeze system. This often produces a narrow belt of convective clouds along the entire coastal zone, especially during the early morning hours in the Wet Season. The complex patterns of spatial and seasonal organisation of rainfall resulting from these systems are further complicated by the topographic configuration and elevation of the Guinea-Fouta Djallon Mountains.
Results
While the Scree Test suggests that only two significant components can be retained (Fig. 4) , an examination of percentage variance of successive components revealed that the third component can also be taken into account as it represents a value above 5 percent, a limit considered to be sufficient to accept a component in further analysis (Hair et al., 1995) . Three significant components which altogether account for 86.7% of the overall variance in the rainfall data were therefore identified and retained for further analysis. Table 2 shows the rotated loading patterns for variables (months) and the explained variances of the three most important principal components. Clearly the first component (PC1) is dominant, accounting for 50.5% of the overall variance in the rainfall data. Since the loadings represent the correlations between this component and the individual monthly rainfall, a 0.05 level of significance was used to determine which loadings are important. This component has significantly high positive loadings on December-May monthly rainfall. The map of principal component scores (Fig. 5a) shows that PC1 bution of component scores in Fig. 5b , PC2 can be interpreted as a "distance from the sea" or Monsoon factor. As discussed in Section 4, the depth of the SW monsoon and hence its potential to produce rainfall, decreases northwards and inland from the Atlantic coast. The relatively large positive scors on the western slopes of the Freetown Peninsula Mountains, the Fouta Djallon Mountains near Conakry, the Escarpment Zone of central Sierra Leone, and Mount Nimba in north-eastern Liberia, also suggest a possible link between PC2 and topographic influences on seasonal rainfall patterns in this region. However, previous studies by Gregory (1965) and Kamara (1982) revealed that the tendency for relief to enhance rainfall decreases with increasing distance from the Atlantic coast. The third principal component (PC3) accounts for an additional 5.7% of the residual variance unexplained by the first two components. It is most closely related with rainfall of the Dry/Wet (May) and Wet/Dry (October-November) transition months. The fact that the rotated loadings for May are significant for both the first and third components reflects the high variability of rain-generating mechanisms during the first inter-monsoon season. Figure 5c shows the distributional patterns of scores for PC3, which can be interpreted as an index of westward propagating linear disturbances.
The impact of these disturbances is more pronounced over the interior lowlands, as indicated by the positive scores, than over the mountain ranges or along coastal areas.
Based on the Cluster Analysis procedure, a final partitioning consisting of seven clusters was chosen and used in subsequent analysis. Figure 6 shows the seven cluster groups identified using the scores of the three PCs. These represent the optimum configuration of clusters that best describe the spatial variations of seasonal rainfall patterns over the study area, as discussed in the following section.
Discussion
Application of multivariate classification techniques to delineate regions according to the seasonal structure of rainfall organisation revealed a considerable variation of regional patterns within the study area.
Overall the seasonal rainfall regime is characterised by a single-peaked Wet Season typical of monsoon climatic types dominated by the summer rainfall. For most parts of the region, more than 90% of annual rainfall is received during the Wet Season. In comparison, the Dry Season rainfall contribution is only around 8%. Clearly, variability of rainfall amount during these two seasons accounts for much of the spatial variations in rainfall within the region.
There are considerable variations in mean annual rainfall within and among the regions. The Northern Interior region (Cluster number 1) has the lowest mean annual rainfall (1,738mm) while the Southern Littoral belt (Cluster number 4) had the highest mean value (4,425mm). For the other regions mean annual rainfall varied from about 2,000 mm to 3,500mm. The Wet Season rainfall patterns are similar to those of annual rainfall in all regions.
Dry Season rainfall, on the other hand, displayed a different spatial pattern from both the Wet Season and annual patterns, with progressively increasing amounts towards the southeastern parts of the study area. In the Northern Interior (Cluster number 1) and the Northern Littoral (Cluster number 2) regions, less than 100mm of rainfall is received during the entire Dry Season, lasting up to five months. This leads to severe soil moisture deficits in many areas. For the rest of the area, total Dry Season rainfall varies from 200mm to about 600mm. Such high rainfall amounts during the Dry Season reflect the influence of local rain producing mechanisms throughout the littoral and the interior plateau Other regions surrounding these three regions have mainly negative PC3 scores, which reflects diminishing rainfall totals during the transition periods. Table 3 summarises the main characteristics of seasonal rainfall for each region as revealed by the principal component score patterns.
In order to highlight the differences in seasonal organization of rainfall among regions a representative location was chosen from each cluster and the monthly rainfall regime of these locations were examined. These are represented in Fig. 8 . This diagram shows that there is considerable variation in monthly rainfall patterns within the study area as revealed by the classification procedure. The magnitude of monthly rainfall contribution during the Wet Season is a significant aspect as evident from the graphs for Njala (Mid-western Region) and Kolahun (Central Highlands Region). It is also evident that there are differences between regions in the occurrence of seasonal maximum rainfall. For example, the Northern Littoral and Mid-western Regions both receive their highest monthly totals in August, while the Southern Littoral Region records its highest totals in July.
In terms of seasonal variations in rainfall the rest of the regions show some remarkable characteristics within the Wet Season. Bellayalla, representing the South-eastern Region, has a bimodal distribution with a minor peak in June and a major peak in September. This location shows a nine month continuous Wet Season (March to November) with monthly means above 100mm, which supports a luxuriant Tropical Rain Forest and tree crop farming such as rubber, cocoa and coffee. The Midwestern Region (Njala) has a 5-6 months Wet Season, with mean rainfall in excess of 100mm per month. This area is well known for traditional slash-and-burn agriculture and inland swamp cultivation.
The Northern Interior, which covers about half of the area, is the driest region with a six month (November to April) Dry Season. Wet season rainfall is also moderate in comparison to the southern and coastal humid zones. The main economic activity in this region is nomadic pastoralism, supplemented by subsistence rainfed crop production. The mount Nimba Region has a minor peak in March and a major Wet Season peak in September. By comparison, Kolahun in the Central Highlands Region receives its highest Wet Season rainfall in September with a minor peak in March, indicating an increase in rainfall in the first inter-monsoon period. These data show that the rainfall regimes can vary substantially within the study area, reflecting minor variations in the frequency and intensity of rainproducing mechanisms at different spatial scales. Fig. 6 ).
Conclusions
Rainfall information is important for many environmental assessment and water resources management projects. This information is particularly useful in the Guinea-Fouta Djallon mountains where these elements display sharp gradients over short distances, and where seasonal and inter-annual vanations are marked. Fluctuations in rainfall and water balance are reflected in the spatial distribution and abundance of plant and animal populations, and in the flow regimes of rivers. An inquiry into the seasonal structure of rainfall organization in this region using multivariate classification techniques revealed considerable variations in rainfall regimes from ultra-humid to sub-humid conditions. Principal Component Analysis produced a threecomponent model, which was used to characterize and explain the seasonal rainfall variations witin the region. These are the Dry Season component, which accounts for most of the variance in the rainfall data and represents the December-April period; the Wet Season component (June-September) and the Wet/ Dry and Dry/Wet transitions component in OctoberNovember and May, respectively. Using a combined procedure of PCA, followed by hierarchical cluster analysis, seven groups representing the rainfall regimes were identified and characterized. The main characteristics of the seasonal structure of rainfall organisation within these regions were also considered in this study. The study area forms part of a unique tropical humid and sub-humid climatic region that lies south of the Sahel region. The latter region is well known for considerable negative departures in annual rainfall and recurrent droughts during the past three decades. While climatic vulnerability of the Sahel has been extensively studied there is only limited information published on rainfall variability in the areas within the wet tropical regions to the south. Some recent investigations (Servat et al., 1997) have found that the humid tropical belt in West Africa has also been affected by a series of climatic episodes on a scale comparable to those experienced in the northern sub-tropical regions. Furthermore, there have been significant changes to the environment during the past decades as a result of population increase and exploitation of resources such as deforestation (Zheng and Eltahir, 1997) . Such environmental impacts can upset the ecological balance and result in local and regional scale changes in hydrological regimes of catchments. This in turn can affect the availability of water resources for subsistence farming, which is a widespread agricultural practice throughout the sub-Saharan region of West Africa. In light of this evidence it is important to understand the seasonal character of rainfall and its spatial variations for better management of land and water resources in the region.
